Please cite this article as: O. Lugaresi, J.V. Perales-Rondón, A. Minguzzi, J. Solla-Gullón, S. Rondinini, J.M. Feliu, C.M. Sánchez-Sánchez, Rapid screening of silver nanoparticles for the catalytic degradation of chlorinated pollutants in water, Applied Catalysis B, Environmental (2014), http://dx.Abstract Electrochemical abatement of volatile polychlorinated organic compounds for environmental applications represents a very attractive and feasible alternative for working at mild reaction conditions and reduced costs. We present herein the synthesis of 3 different sized Ag nanoparticles (NPs) and their electrocatalytic performance in the degradation of a model pollutant (trichloromethane, CHCl 3 ) in aqueous media. Two different methodologies are used: A conventional study based on voltammetry and chronoamperometry and a novel screening approach based on the micropipette delivery/substrate collection (MD/SC) mode the of the scanning electrochemical microscopy (SECM). This new approach allows dosing any reactant, in this case CHCl 3 ,
Introduction
Environmental electrochemistry covers a broad range of applications. In particular, highly efficient and low cost catalysts for pollutants degradation in wastewater and industrial effluents represent a challenging goal. Electrochemical advanced oxidation processes (EAOPs) [1] [2] [3] [4] [5] [6] [7] [8] , involving generation of very powerful oxidizing agents, such as for instance hydroxyl radical (•OH), have become especially relevant in wastewater treatment, particularly when the organic compounds present in solution are toxic or biorecalcitrant to conventional treatments. More recently, the electrochemical reduction of halogenated pollutants [9] , by removing the halogen groups, has become an economic alternative to the EAOPs where the goal is the total organic mineralization.
For this reason, the electrochemical reductive cleavage of carbon-halogen bonds in organic compounds, with the particular focus on volatile organic halides, has been mainly studied and developed in the last decades [10] [11] [12] [13] being the subject of numerous studies in aqueous [14] [15] [16] , non aqueous [17] [18] [19] and mixed solvents [13, 20] . The great interest for this process is due to its important role in some environmental applications, such as the abatement of volatile polychlorinated organic compounds, a group of pollutants having hazardous effects on living beings and out of the scope of most EAOPs.
The main core of the development of modern electrochemical systems is largely based on the use of nanostructured materials, since their electrocatalytic properties can be modulated through appropriate design and synthesis [21, 22] . Moreover, their application to wide areas of environmental chemistry and energy conversion represents a field in constant growth [23] [24] [25] . Thus, electrocatalysis at nanoparticles represents one of the most exciting new frontiers in science, since provides a very flexible and easy Page 4 of 40 A c c e p t e d M a n u s c r i p t 4 scalable methodology for potential industrial applications. In this context, the electrochemical dehalogenation of organic halides using nanostructured materials represents a very attractive and feasible alternative for working at mild reaction conditions and reduced costs [26, 27] . As it is well documented in the literature, the process efficiency and the main reaction products depend on the electrode material, exhibiting silver the best electrocatalytic activity among all pure metals [9, 10, 28, 29] . Furthermore, the electrocatalytic reduction of organic halides on silver has been already proved as a surface sensitive reaction, where the surface morphology must be considered as an important parameter for modulating the electrocatalytic effect [30] .
Although most of the reported applications are performed on massive Ag electrodes, there are evidences [26, 27, 31, 32] that micro and nanostructured particles exhibit a better performance than massive silver, allowing a substantial reduction of Ag loading.
For all these reasons, it is evident the great interest of studying the electrocatalytic properties of different types of silver nanoparticles (Ag NPs) in the degradation of halogenated pollutants. Moreover, the electrochemical dehalogenation of organic halides is an attractive reaction, not only for the mild reaction conditions, but also for the absence of additional reagents avoiding secondary pollution, which represents an important drawback in other decontamination treatments that may generate dangerous secondary reaction products [33] .
The screening of electrocatalysts is a time consuming task independently on the reaction of interest under scope. In this respect, trichloromethane electrochemical reduction is not different from other processes. Fortunately, new electroanalytical techniques have been recently introduced to improve this screening step. In particular, the scanning electrochemical microscopy (SECM) [34, 35] has demonstrated its utility as a rapid and high throughput technique in screening electrocatalyts [36] for processes Page 5 of 40 A c c e p t e d M a n u s c r i p t 5 such as the oxygen reduction reaction (ORR) [37] [38] [39] [40] [41] [42] , methanol interference during ORR [43] , chlorine evolution [44] and oxygen evolution reactions (OER) [45, 46] , formic acid oxidation (FAOR) [47, 48] and methanol oxidation reactions (MOR) [48] .
Among the different modes of SECM, only the micropipette delivery/substrate collection (MD/SC) mode is based on non-electrochemically generated reactants and thus can be applied to study the trichloromethane reduction reaction [48] . The MD/SC mode is conceived for obtaining an electrocatalyst reactivity map by delivering the reactant of interest in the vicinity of an array formed by different electrocatalysts, while the array current is recorded and the micropipette is scanned on the X-Y plane at a constant tip-substrate distance, as is schematically shown in Figure 1 . The rate of the species release is function of its partition coefficient between two immiscible phases, in which must be soluble, a water-immiscible organic solution within the pipette and an aqueous solution outside the pipette. The specific feature of the MD/SC approach lies on the possibility of dosing, in principle, any reactant, even if the latter cannot be electrogenerated (otherwise, the tip generation/substrate collection (TG/SC) mode represents a better choice). Thus, we herein extend the use of the MD/SC mode of the SECM for screening electrocatalysts for the trichloromethane electrochemical reduction reaction, since so far this mode was only used for studying MOR and FAOR. Note that in Figure 1 , but only for simplifying, we schematize the reaction at the substrate indicating the elimination of one single Clper CHCl 3 molecule. But as a matter of fact, we know, from preparative electrolyses experiments reported in the literature using carbon supported Ag NPs in aqueous solution [27] , this reaction leads to a mixture of products, mostly formed by CH 4 , which represents the complete dehalogenation (reaction 1). However, using another electrocatalytic material and/or solvent the reaction path and thus, the product distribution, may strongly vary. We present the Page 6 of 40 A c c e p t e d M a n u s c r i p t 6 SECM as a powerful technique that is able to observe the finest reaction rates differences at several catalysts under the same experimental conditions. To achieve this goal studying the trichloromethane electrochemical reduction, it is necessary to design a novel experimental setup, different from those already proposed previously in the literature. In fact, although the SECM has been already used for studying nano-sized materials as electrocatalysts [38, 39] , the current collector contribution to the total background current represents an important limitation on these systems, especially when the reaction of interest is close to the potential window limit, which is the case for the trichloromethane electrochemical reduction. For this reason, we introduce here a novel approach to reduce the current collector background contribution by using disposable screen-printed array electrodes [49] .
In this work, we present the synthesis of 3 different sized Ag NPs used as electrode material for the reduction of a model volatile polychlorinated pollutant (trichloromethane, CHCl 3 ). The considered nanoparticles are prepared by simple colloidal methods, which represent a promising synthetic route for potential industrial scale preparation. The Ag NPs activity is studied using two different methodologies: i)
A conventional study based on voltammetry and chronoamperometry, in which different batches of Ag NPs are supported on a glassy carbon (GC) electrode (almost inert material for this type of reaction [50] ) and independently tested as catalyst for the reduction of CHCl 3 in aqueous solution. ii) A novel screening approach based on the MD/SC mode of the SECM, that allows simultaneous analysis of different electrocatalysts under the same experimental conditions and provides rapid information about their activity and their resistance against deactivation. Finally, we also study the effect on the electrocatalysis of increasing the presence of defective sites (steps, kinks and high index planes) at the silver surface by following an electrochemical roughening protocol, using a bulky polycrystalline Ag electrode as a model.
Experimental

Chemicals
All chemicals were ACS reagent grade purchased from Sigma-Aldrich and were used without further purification. 
Syntheses of silver nanoparticles (NPs)
Ag NPs studied here were synthesized using two different methodologies in order to produce different average size NPs: i) Sample (S1) was prepared using NaBH 4 as reducing agent following a well-established methodology for the synthesis of Au NPs A c c e p t e d M a n u s c r i p t 8 dihydrate as reducing agent following a procedure based on the Frens synthesis method [53] and adapted for obtaining Ag NPs. In particular, the AgNO 3 precursor was dissolved in water and heated under reflux conditions. After this, trisodium citrate was added and the solution was kept boiling for 30 min more, then quenched in an ice bath.
Following this protocol two different ratios of (silver precursor/reducing agent) were tested in order to synthesize different sized NPs. Sample C1 was synthesized by adding The cleaning protocol necessary to remove organics attached to the NPs in all three samples (S1, C1 and C2), once the NPs were synthesized, comprised the addition of some NaOH pellets to each colloidal solution in order to break the colloid and precipitate the corresponding solid NPs. After complete precipitation, the samples were rinsed with water, at least 3-4 times, to make sure that clean aqueous NPs suspensions were obtained. particles from different parts of the grid were used to estimate the mean diameter and size distribution of the NPs. and chronoamperometry in the experimental setup was the magnetic stirring, which was exclusively used during chronoamperometric measurements.
Physical characterization by TEM
Electrochemical Characterization of Ag NPs and a polycrystalline
Calibration of Ag NPs loading
The calibration procedure described in this paragraph aims to main goals: (i) decoupling the role of the specific surface area (i.e. the catalytic surface area available per volume unit of NPs suspension, in this case expressed as cm 2 µL -1 ) and (ii) determining the correct loading range in which the whole ensemble of NPs deposited onto the GC are available and participate into the faradaic process of interest without any diffusion limitation. In order to achieve these goals, the lead underpotential deposition (Pb UPD) represents the most convenient and adopted method used for calibrating Ag-based electrodes [54, 55] .
In this work, the specific surface area of each type of Ag NPs was electrochemically determined using the charge involved in the Pb UPD region of the corresponding CV that takes place within the range -0.2 and -0.8 V vs. SCE in a 0.1 M NaOH and 5•10 −3 M Pb(ClO 4 ) 2 deaerated solution at scan rate 10 mV s -1 . For this process, we adopted the calibration charge density value reported in the literature for a polyoriented silver electrode, which is 280 µC cm −2 [54, 55] . Thus, the initial surface area of all 3 Ag NPs samples determined by Pb UPD was 0.0025 cm 2 µL -1 for sample S1, 0.0056 cm 2 µL -1 for C1 and 0.0090 cm 2 µL -1 for C2. A typical Pb UPD CV on Ag NPs (sample S1) is reported in Figure 2A , which includes a dashed line limiting the double layer contribution and perfectly defining the cathodic current integration region corresponding to the Pb UPD. Figure 2B (for sample S1) displays the correlation between the trichloromethane reduction current coming from the CVs provided by different aliquots of Ag NPs S1 (from 1 to 10 µL) and their corresponding specific surface area calculated from Pb UPD calibration. Thus, the linear loading range in Figure 2B corresponds to Ag NPs aliquots between 1 and 2.5 µL, which ranges from 0.0025 to 0.0062 cm 2 (delimited by a dashed line in Figure 2B ) of total Ag surface exposed. Further increasing of Ag loading does not lead to a proportional increase of trichloromethane reduction current, most likely due to diffusion limitations in the inner part of the Ag deposit. This limitation is also observed in Ag NPs C1 and C2, since they were both diluted to reach an initial surface area of 0.0025 cm 2 µL -1 . For this reason, 2 µL is the selected loading used for evaluating all 3 Ag NPs samples performance for trichloromethane reduction by CV. In contrast, Ag NPs samples studied by SECM were normalized by solvent evaporation, to obtain 3 new aqueous suspensions with different NPs concentration, but equal specific Ag surface area (0.017 cm 2 µL -1 ).
Catalytic activity of Ag NPs and a polycrystalline Ag electrode in CHCl 3
solution.
The potential range scanned by CV was from -0.2 V to -1.2 V at a scan rate of 50 mV s -1 . The constant potential applied during the chronoamperometries was -1.2 V.
Magnetic stirring and constant gas bubbling were exclusively used during the chronoamperometric measurements. All current densities (j, mA cm -2 ) reported herein were calculated using the real surface area determined by Pb UPD and not the geometric area of the corresponding electrode. In all cases, the electrolyte was a freshly prepared aqueous solution containing 0.1 M KClO 4 and 0.01 M CHCl 3 purged with N 2 for at least 15 min before the experiment. Solutions were homogeneous since the CHCl 3 maximum solubility in water reported at 20ºC is 8 g/L (0.067 M) [56] , which is significantly higher value than the concentration used here. Due to the high volatility of CHCl 3 , the N 2 gas used for purging was previously saturated by flowing through another solution were made hydrophobic following a well-established silanization protocol [57, 58] by filling them with octyltriethoxylsilane overnight and finally, drying them exhaustively.
Scanning Electrochemical Microscopy (SECM)
All SECM images were carried out using the MD/SC mode of SECM in a CHI 910B microscope (CH Instruments) and a three-electrode configuration at room temperature. The micropipettes used to deliver the CHCl 3 in the vicinity of the substrate electrodes presented a diameter of 40 μm and were loaded either with a mixture 50:50 
Results and discussion
As expected, the 3 different samples of Ag NPs synthesized and studied here present, despite the presence of some nanorods, a preferential quasi-spherical shape, which is generally assigned to a polyoriented and non-specifically structured catalyst surface. In addition, the different protocols of synthesis employed here produce NPs with different average sizes. In fact, it is known from literature [59, 60] that the smallest NPs are obtained using the most powerful reducing agent (NaBH 4 ) and larger NPs are synthesized by using citrate as reducing agent. Figure 4 shows the TEM images corresponding to the freshly prepared colloidal suspensions of Ag NPs (4A, 4B and 4C) and corroborates that the S1 sample presents the smallest average particle size among Figures 4D, 4E and 4F) .
Initially, the catalytic activity of the 3 different types of Ag NPs synthesized is evaluated using conventional electrochemical techniques, CV to estimate their instantaneous activity and chronoamperometry to provide their long term performance activity. Figure 5A Figure 5A represent a direct evaluation of the reaction rate at each material. In order to provide a fair comparison among the instantaneous activity of samples S1, C1 and C2, the current density values at different potentials are estimated from their corresponding voltammograms and are displayed in Figure 5B . This comparison shows that samples S1 and C1 show the highest current at high overpotential (-1.2 V) and sample C2 shows the highest current at low overpotential (-1.0, -0.9 and -0.8 V) as is clearly shown in Figure 5B . Therefore, we can propose that C2 is the most intrinsically active material, since it shows the highest current density values at potentials at which charge transfer kinetics plays a role.
On the other side, to correctly interpret the improved behavior of C1 and S1 at the most negative potentials, it should be taken into account that the electroreduction of organic polyhalides on an active surface is always a complex combination of phenomena that can lead to (i) a superimposition of different peaks, each relevant to a different type of surface site or different steps in the reaction mechanism (removal of the 1 st , 2 nd or 3 rd chloride), [32] (ii) the co-presence of adsorption-and diffusion-limited peaks [61] . In parallel, we could also propose a more rapid deactivation of C2 sites than S1 and C1.
This process might be controlled by the presence of a high concentration of chloride only reached at high overpotentials. Notwithstanding, it is not the purpose of this work to further investigate the reaction path or undergo a deeper CV analysis. Thus, we consider C1 and S1 as the most promising electrode materials in view of practical applications, because of their high reaction rates under pollutant degradation operative conditions. To further gain insight on these materials features, we evaluate their longterm stability in electrolysis at constant potential. Figure 5C shows the corresponding chronoamperometries performed at -1.2 V for 30 min for all 3 Ag NPs samples. The results point to the fact that, although all 3 Ag NPs samples undergo a deactivation process in long-term electrolyses, C1 shows the highest current. Then, it is important to highlight again that instantaneous performance obtained from CV is not always enough to evaluate the real performance of an electrode material, since the contribution from the electrode deactivation processes may be hindered and not taken into account.
In addition, the catalytic activity of the 3 different types of Ag NPs synthesized is evaluated using the SECM. In order to do this, first of all it is necessary to demonstrate the feasibility of this technique for studying the CHCl 3 reduction reaction. For this purpose, a disc shaped Ag 100 µm UME is used as a model substrate electrode, since it does not present additional background contributions. Figure 6 shows 3 different SECM MD/SC images displaying a color code for representing the different current collected at the Ag UME substrate, while the micropipette scans its surface. The current intensity map shown in these SECM images displays dark green and brown areas corresponding with the presence of the Ag electrode. Furthermore, the current collected at the substrate is higher at -1.2 V ( Figure 6B ) than at -1.0 V ( Figure 6A ), following the same behaviour displayed at Figure 5 . Finally, Figure 6C principle, be a competitor for electroreduction [15] ). Therefore, it is demonstrated that SECM is a valid technique to evaluate the activity for the CHCl 3 reduction reaction at the 3 different types of Ag NPs synthesized. At this point, it is important to note that for being able to compare simultaneously by SECM the activity of the different Ag NPs under the same conditions, it is necessary to use the same surface area in each sample deposited on the disposable screen-printed array electrode. Then, an evident color difference in the SECM image would be univocally associated with a higher reaction rate for the CHCl 3 reduction. Figure 7 shows the SECM MD/SC image comparing all 3
Ag NPs samples (S1, C1 and C2) at -1.2 V, the potential that could be adopted in promising Ag catalyst sample is C1 because displays the highest reduction current (brown color) therein. In contrast, samples S1 and C2 present lower currents but comparable among them, being a bit higher for S1. Thus, the ranking given by this rapid SECM screening is C1 > S1 > C2, following the exact same trend already found using chronoamperometry ( Figure 5C ), but in this case using only one single experiment performed under identical experimental conditions. The fact that a little trail appears in Figure 7 can be associated with the fact that not all the CHCl 3 released from the micropipette is instantaneously consumed at the Ag samples S1 and C2, but it is mainly done at sample C1. For this reason, it is possible to continue electroreducing some of that CHCl 3 accumulated in solution and not previously consumed, even when the micropipette is located far away from the Ag NPs samples, reporting in this way a reduction current decoupled from the micropipette location and giving as a result the formation of a trail within the SECM image. We believe that this kind of artifact does not represent a severe limitation to validate this screening method. On the contrary, we safely propose the rapid screening method described so far as a high sensitivity tool to quickly characterize NPs performance.
In order to explain the different reactivity exhibited here by the 3 types of Ag NPs, which has been confirmed by both techniques, chronoamperometry and SECM, it is necessary to pay attention to the differences in size and surface structure present in all 3 samples. It is well established in the literature [30, 62, 63 ] that a significant increase in the silver electrocatalytic effect is observed when a high density of defective sites (steps, kinks and high index planes) are generated by following an electrochemical roughening protocol at the silver surface. In contrast, long terraces mainly free of steps and kinks present a less active catalytic effect. Consequently, it seems reasonable that, due to a higher abundance of long nanorods in which large terraces should be present, Ag NPs C2 present the lowest percentage of defective sites at their surface. On the other hand, Ag NPs C1 exhibit higher current densities than Ag NPs S1 because its average particle size is much bigger. This larger amount of surface atoms available allows the presence of high index planes, which are barely possible in small size NPs. For these reasons, and despite Ag NPs C1 do not possess the best intrinsic activity (that belongs to Ag NPs C2), they present a large amount of defective sites for which the balance between activity and deactivation rates lead to the best overall catalytic performance under pollutant degradation conditions. In order to validate this hypothesis, the effect of the electrochemical roughening on a massive, polycrystalline Ag electrode for the trichloromethane electrochemical reduction is also studied. Figure 8 shows 
Conclusions
The use of the SECM as a powerful catalysts screening tool in electrochemical reactions is proved for the first time useful for an environmental application. This electrocatalysts screening is performed by simultaneously comparing 3 different Ag correspond to the freshly prepared colloidal samples S1, C1 and C2, respectively, and (D), (E) and (F) correspond to the clean Ag NPs in aqueous suspension S1, C1 and C2, respectively, after several days of storage. Only samples D, E and F are electrochemically characterized and studied. • SECM validated as a electrocatalysts screening tool for environmental applications.
• Disposable screen-printed array electrodes as a novel current collector for nanomaterials.
• Size and presence of defective sites reasons for improving overall catalytic performance.
